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ABSTRACT: Robust design of forming processes is gaining attention throughout the industry. To ana-
lyze the robustness of a sheet metal forming process using Finite Element (FE) simulations, an accurate 
input in terms of parameter variation is required. This paper presents a pragmatic, accurate and economic 
approach for measuring and modeling one of the main inputs, i.e. material properties and its associated scat-
tering.  
For the purpose of this research, samples of 41 coils of a forming steel DX54D+Z (EN 10327:2004) from 
multiple batches have been collected. Fully determining the stochastic material behavior to the required 
accuracy for precise modeling in FE simulations would involve performing many mechanical experiments. 
Instead, the present work combines mechanical testing and texture analysis to limit the required effort. 
Moreover, use is made of the correlations between the material parameters to efficiently model the material 
property scatter for use in the numerical robustness analysis. The proposed approach is validated by the 
forming of a series of cup products using the collected material. The observed experimental scatter can be 
reproduced efficiently using FE simulations, demonstrating the potential of the modeling approach and ro-
bustness analysis in general. 
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1 INTRODUCTION 
In the design of sheet metal forming processes, a 
general goal is to achieve a lightweight and effi-
cient design by making optimal use of the process 
and material capabilities. For this mathematical 
optimization, FE simulations are often employed. 
However, deterministically optimized processes 
may become critical with respect to unavoidable 
sources of scatter in practice leading to product 
failures. 
One of the inevitable sources of scatter that comes 
with the usage of material is scatter of its proper-
ties. To account for scatter and to judge the safety 
of the forming process, a common approach is the 
use of safety margins, e.g. 10% strain below the 
Forming Limit Curve (FLC). In most cases, the 
usage of such a safety margin results in too con-
servative designs, not making optimal use of the 
material and process. Moreover, the choice for 
such a margin is arbitrary and application of it for 
different forming processes implicitly assumes that 
all processes are equally sensitive to scatter. 
Instead of ensuring the safety via an arbitrary safe-
ty margin, robustness techniques can be employed 
to incorporate input scatter and to quantify the 
resulting output scatter. 
Nowadays, scattering material properties are al-
ready being considered in robustness analyses. 
However, these approaches are often rather simpli-
fied in the form of independent scaling of material 
parameters. Moreover, due to lack of information 
and the use of computationally expensive non-
linear FE simulations, the engineer is often forced 
to choose rather simple material models and work 
with a limited number of scattering material pa-
rameters. This subsequently limits the accuracy 
with which the real material behavior and its asso-
ciating scattering can be described and consequent-
ly limits the robustness of formed parts. Therefore 
an economic and accurate description of material 
properties and its associated scattering is required 
to fully exploit the potential of robustness analysis. 
This work extends earlier work [1] and presents an 
approach to efficiently measure and accurately 
model material property scatter for use in FE simu-
lations. Moreover, where previous work was con-
fined to modeling only, in this paper experimental 
validation is also presented. 
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The paper is organized as follows, Section 2 will 
first describe a hybrid approach for obtaining a 
stochastic set of material data. The procedure com-
bines mechanical testing and texture analysis to 
limit the required effort. In addition, the applied 
Vegter yield locus model and Bergström - van 
Liempt hardening model are briefly introduced. 
Section 3 describes the Principal Component Anal-
ysis (PCA) used to manipulate the material data for 
efficient implementation in FE simulations. The 
approach and its resulting effect are subsequently 
demonstrated both numerically and experimentally 
in Section 4 and 5 on an example forming process, 
i.e. the stretching of a hemispherical cup. Section 6 
will present the discussion and conclusions and 
provide directions for future work.  
 
2 MATERIAL SCATTER 
Quantitatively modeling the influence of scatter is 
only useful if the models are already very accurate. 
This is because quantitative modeling aims at pre-
dicting the scrap rate of the process. For this to 
make sense, the mean of the response has to be 
accurately predicted at first. This is why complex 
material laws with many parameters have to be 
used. Fully determining the stochastic material 
behavior to the required accuracy by mechanical 
testing involves many such tests to obtain the mate-
rial parameters for both the yield locus description 
(see Section 2.2) and hardening model (see Section 
2.3). Instead, the present work combines mechani-
cal testing with texture analysis in a hybrid ap-
proach to limit the required effort as described 
next. 
2.1 Material collection 
For the purpose of this research, samples of 41 
coils of a forming steel DX54D+Z (EN 
10327:2004) from multiple batches have been 
collected. This material is chosen because of its 
wide application in automotive industry.  
2.1.1 Mechanical testing 
For the full construction of the constitutive model 
used in this work, four mechanical tests need to be 
performed: a uniaxial, an equi-biaxial, a plane 
strain tensile test and a shear test. Because of pla-
nar anisotropy, these tests are repeated in three 
different directions 0º, 45º and 90º with respect to 
the Rolling Direction (RD). The latter direction is 
also referred to as Transverse direction (TD).  
For the entire material collective, tensile tests in 
three directions have been performed. This is fea-
sible because the tensile test is highly standardized 
and efficient due to it being routinely performed 
for all coils produced. The same holds for thickness 
measurements for all coils. The plane strain, shear 
and equi-biaxial tests are less common and require 
much more effort and hence these are not per-
formed on the material collective. 
2.1.2 Texture analysis 
The stochastic material input is obtained by texture 
measurements onto the full material collective of 
coils. Using efficient Electron BackScatter Diffrac-
tion measurements in combination with polycrystal 
plasticity, a yield locus is constructed referred to as 
CTFP. This model is based on two yield loci de-
rived from the Taylor full constraint model and the 
relaxed Pancake model [2]. Finally, the results of 
tensile tests and texture measurements are com-
bined to obtain a full description of the stochastic 
material behavior. 
2.2 Yield locus model 
A complete and accurate description of the yield 
locus and accompanying scatter is required as close 
to the physically observed measurements as possi-
ble. Therefore, the Vegter yield locus model is 
used [3, 4]. The yield locus in the plane stress and 
principal stress space (σ1, σ2) is explicitly described 
by a set of quadratic Bezier interpolations between 
pre-determined stress states, see Figure 1. The 
planar anisotropic yield criterion is highly adapta-
ble by allowing the Bezier interpolations to depend 
on the angle between the first principal stress and 
the rolling direction. The parameters for the model 
can be readily derived from the combined tensile 
tests and texture analysis. The resulting Vegter 
yield locus is defined by 17 parameters. Although 
exceeding the number of parameters required for 
describing more common yield loci such as Von 
Mises or Hill ‘48, its flexibility provides great 
advantages in accurately describing the measured 
scatter in material data. Especially the accurate 
description of the plane strain point and the biaxial 
point is a great advantage in scatter simulations 
because the strain distribution in a part is very 
sensitive to this ratio. 
 
Fig. 1 Creation of the Vegter yield locus 
2.3 Hardening model 
Isotropic hardening is assumed with a Bergström 
relation (σwh) extended with the effect of strain rate 
and temperature (σdyn) [5, 6]: 
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dynwhy    (1) 
Where σwh is given by: 
  ]1)([ ')(00 0 nm e    (2) 
And σdyn is given by: 
  '00*0 )/ln()/(1 mGkT    (3) 
Although this relation has many parameters, for 
steel the flow stress (σy) is only a function of 3 
parameters, i.e. the initial static stress (σ0), stress 
increment parameter (∆σm) and the remobilization 
parameter (Ω). Based on previous experience, the 
remaining variables in the Bergström - van Liempt 
hardening model are set constant for use in the 
robustness analysis. It is worth noting here that the 
strain rate sensitivity, given by (3) is crucial in 
obtaining accurate necking prediction, see e.g. 
Error! Reference source not found.. Although 
initial simulations were performed with AutoForm, 
the use of Bergström – van Liempt prompted the 
final simulations to be performed in the DiekA 
code of the University of Twente. 
2.4 Forming Limit Curve 
As mentioned in the introduction, the safety of a 
forming process is often judged by usage of the 
FLC. It is noted here that also the FLC is subject to 
the effect of material scatter and will show varia-
tion of its shape and position. Again, experimental-
ly determining the FLC for all materials in the 
collective is prohibited by cost, and resort can be 
taken to a e.g. a FLC model. See [8]. In this work, 
the onset of local necking in the FE model is used 
to predict product failure. 
 
3 DATA SET ESTABLISHMENT  
The current data set contains 41 parameter sets, a 
single set for each coil measured. Each set consists 
of 20 parameters, i.e. 17 parameters describing the 
yield locus and 3 parameters describing the harden-
ing behavior. Moreover, the material thickness per 
coil is included as an additional uncorrelated scat-
ter parameter.  
Instead of treating each coil individually, it is more 
convenient to use a stochastic description of mate-
rial scatter for the whole material collective. This 
description should be both accurate and efficient 
for the subsequent usage in FE simulations, ena-
bling the engineer to determine a collective effect 
of material scatter in the robustness analysis.  
3.1 Principal Component Analysis (PCA) 
To establish a collective data set, a PCA is utilized. 
Figure 2 presents a schematic overview of the 
procedure considering two example material pa-
rameters referred to as x and y. Assuming that the 
data set is jointly normally distributed, the set of 41 
observations of the possibly correlated 20 parame-
ters is normalized and subsequently translated into 
a set of values of linearly uncorrelated parameters. 
The parameters are obtained by an orthogonal 
transformation and are referred to as Principal 
Components (PC’s), see step 1–2 in Figure 2. The 
eigenvalue of each eigenvector or PC is propor-
tional to the portion of the variance (σPC2) that is 
correlated with each PC. The resulting 20 PC’s are 
sorted based on their eigenvalue in descending 
order. That is, the first PC accounts for the largest 
amount of scatter in the original data set.  
Next, a Design Of Experiment (DOE) is performed 
in the PC-domain, see step 2–3 in Figure 2. The 
sampling domain is chosen to be limited at ±2σPC. 
The succeeding back transformation to the physical 
parameter domain and the subsequent adding of the 
mean value automatically includes all correlations 
present in the original data set, see step 3–4 in 
Figure 2. Note that this combined PCA and DOE 
approach prevents the sampling of physically un-
likely parameter combinations, preventing possible 
overestimation of the output scatter.  
 
 
Fig. 2 Schematic overview of the Principal Com-
ponent Analysis (PCA) 
3.2 Implementation for FE simulations 
Using all 20 PC’s in the DOE procedure would 
result in a significant number of FE simulations to 
be run in the robustness study. Therefore, parame-
ter reduction is required to improve the efficiency  
of the approach.  
An advantage of PCA is its property of moving as 
much of the variance of the original data set into 
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the first PC’s by the orthogonal transformation. 
Dropping the lower PC’s results in a minimal loss 
of information which is used here for reduction of 
dimensionality. Depending on the cumulative per-
centage of the total variation of the PC’s, the engi-
neer can decide the number of PC’s to be included 
in the robustness analysis.  
For the forming steel DX54D+Z data, it is deter-
mined that the first 4 PC’s account for 95% of the 
total scatter present in the original data set. This 
results in a reduction of 16 parameters to be in-
cluded in the robustness study. Using the remain-
ing 4 PC’s and an additional uncorrelated scatter 
parameter to account for material thickness, a 
space-filling Latin Hypercube Design of 50 DOE 
points is generated.  
In summary, following the PCA approach, an accu-
rate and efficient stochastic description of material 
scatter for the whole material collective is obtained 
resulting in 50 FE simulation to be run in the ro-
bustness analysis.   
 
4 APPLICATION TO CUP 
STRETCHING 
The proposed approach is validated by application 
to a hemispherical cup stretching process. The goal 
of the numerical study is to reproduce the observed 




Fig. 3 Considered hemispherical cup product 
4.1 Experimental procedure 
An impression of the considered hemispherical cup 
product is given in Figure 3. The 41 products are 
formed out of circular 100 mm diameter blanks 
with a nominal thickness of 0.8 mm. The fully 
clamped blanks are stretched by a prescribed punch 
displacement of 1.5 mm/s. The strains are evaluat-
ed on-line using Digital Image Correlation (DIC) 
measurements. Initially, equi-biaxial stretching is 
found on the pole of the dome. At a product height 
of approximately 38 – 40 mm, significant plane 
strain deformation is found near the die shoulder. 
Further increasing the cup height to approximately 
42 – 44 mm finally results in necking and fracture 
at this location as shown in Figure 3. The maxi-
mum major strain and corresponding minor strain 
in RD and TD are recorded at product heights of 38 
mm, 40 mm, 42 mm and 44 mm. Strain measure-
ments in the diagonal direction (45º with respect to 
the RD) where not accurate due to the limited eval-
uation area of the DIC measurements from the top 
of the dome. Finally, the punch force is recorded as 
a function of its displacement. 
4.2 Numerical robustness analysis 
An impression of the FE model of the stretching 
process is given in Figure 4. The circular blank is 
discretized using triangular discrete Kirchhoff shell 
elements with 5 integration points through thick-
ness. A friction coefficient of 0.14 is utilized to 
obtain an accurate numerical prediction of the 
experimentally obtained force-displacement curve, 
location of fracture and magnitude of the maximum 
major strain and corresponding minor strain. 
For the purpose of this research, two sets of input 
decks are evaluated, i.e. the 41 input decks ob-
tained directly from the hybrid testing procedure 
and the 50 input decks obtained from the PCA 
approach. 
                                       
            
Fig. 4 FE model (bottom) and resulting hemi-
spherical cup product (top) of the stretch-
ing process  
5 RESULTS 
5.1 Experimental results 
The experimentally obtained maximum major 
strain and corresponding minor strain results in RD 
and TD are presented in Figure 5 and 6 respective-
ly. The 4 ‘clouds’ of cross markers represent the 41 
strain measurements at different product heights, 
ranging from 38 mm (bottom cloud) to 44 mm (top 
cloud). Note how the influence of material property 
scatter increases for increasing product height, 
resulting in an increased strain scatter. At a cup 
height of 42 mm, almost all the strain points have 
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exceeded the FLC, although a further height in-
crease before fracture is possible up to 43-44 mm. 
Comparing the results in RD (Figure 5) and TD 
(Figure 6), products show slightly higher defor-
mation and increased scatter in TD direction. This 
corresponds to the direction in which the majority 




Fig. 5 Experimental strain scatter as a function of 
the product height in RD 
 
Fig. 6 Experimental strain scatter as a function of 
the product height in TD 
5.2 Numerical results 
The numerical results for the two sets of input 
decks, i.e. the 41 input decks obtained directly 
from the hybrid testing procedure (referred to as 
direct simulations) and the 50 input decks obtained 
from the PCA approach, are presented in Figure 7 
and 8. Starting with a comparison between both 
sets of input decks to the experimental results, a 
small offset in nominal strain results is present. 
Nonetheless, the strain scatter is predicted accu-
rately by both approaches keeping in mind that a 
part of the experimental strain scatter can be ad-
dressed to measurement errors and process scatter. 
At a product height of 44 mm, local necking is 
numerically predicted in TD. This is in agreement 
with the experimental results showing fracture 
initiation in this direction. 
Comparing the two sets of input decks, a good 
correspondence of both the magnitude of major and 
minor strain and amount of strain scatter is ob-
tained. Following the PCA approach and using 
only 4 PC’s, an accurate and efficient stochastic 
description of material scatter for the material 
collective is obtained. 
 
 
Fig. 7 Numerical prediction of strain scatter as a 
function of the product height in RD 
 
Fig. 8 Numerical prediction of strain scatter as a 
function of the product height in TD 
Figure 9  shows a comparison of the experimental-
ly measured force-displacement data and the nu-
merical prediction of the direct simulations and the 
PCA approach. A good overall correspondence of 
both the force level and scatter is predicted numer-
ically. Moreover, the detail plot shows the force-
displacement data at maximum product height. The 
onset of local necking, represented by the force 
drop, is well predicted numerically. Note that the 
experimental procedure is terminated if a force 
drop is recorded whereas the simulations run up to 
44 mm. Finally, Figure 10 shows the relative influ-
ence of material property variation on the products 
major strain scatter at 42 mm. The critical region 
for this product can clearly be recognized, especial-
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ly in TD. Moreover, these plots serve the design 
engineer in exploring the order of influence of each 
scattering material property in such critical regions 
and detect dominant scattering material properties.  
 
 
Fig. 9 Experimental and numerical prediction of 
the force–displacement data 
 
Fig. 10 Relative influence of material property 
variation on the products major strain scat-
ter at 42 mm  
6 DISCUSSION & CONCLUSIONS 
The full stochastic material behavior of 41 coils of 
a forming steel, collected from multiple material 
batches, is obtained by a hybrid approach combin-
ing tensile tests with efficient texture measure-
ments. A PCA is subsequently applied to efficient-
ly model the material property scatter for use in the 
numerical robustness analysis. A significant pa-
rameter reduction from 20 to 4 parameters is 
achieved by making use of the correlations be-
tween the material parameters. Finally, the numeri-
cal approach is validated by the forming of 41 
hemispherical cup products. The observed experi-
mental scatter can be reproduced accurately using 
FE simulations, demonstrating the potential of the 
modeling approach and robustness analysis in 
general. 
As a point of discussion, it is noted here that the 
proposed PCA approach implicitly assumes that 
the numerical response is most significantly influ-
enced by the first PC’s having the largest variance. 
To check this assumption, future work will include 
a sensitivity study of forming simulation responses 
to different PC’s. To check this assumption, future 
work will include a sensitivity study of forming 
simulation responses to different PC’s and further 
numerical validation will be performed of the ex-
perimental trends found. Moreover, this work will 
be extended by application of the method to a more 
challenging deep drawing process. 
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